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TASK A: FLOW ENERGIZERS 


Experimental 

The primary objective during this reporting period was to 
collect pressure data and to develop the techniques and software 
for verifying the experimental results. Since the last written 
progress report, wing glove surface pressures have been measured 
in flight for two different energizer configurations, both with 
the left propeller feathered and with it running. Upper and 
lower surface pressure coefficients on the wing glove at an 
indicated airspeed of 85 knots are shown in Figure 1. With the 
exception of the point at 60% chord on the row of ports near the 
nacelle, the flight test data are consistent. As anticipated 
from the wind tunnel data, there is little change in pressure 
coefficient with and without the flow energizers. Immediately 
adjacent to the fuselage there does appear to be some increase in 
pressure coefficient due to the presence of the energizer. Also 
shown in Figure 1 are data from the wind tunnel for this flow 
energizer at the same angle of attack. With the exception of the 
nacelle pressure ports and considerably more scatter in the wind 
tunnel measurements, the two sets of data compare reasonably 
well . 


Data reduction has been slower than anticipated, primarily 
because of difficulties in calibrating the seven-rhole probes and 
in verifying the software. The first set of calibrations for the 
wake probe was incomplete and left some doubt as to the accuracy 
of the coefficients determined. A second calibration has now 
been run in the Texas A&M Low Speed Wind Tunnel and the data is 
now being processed to produce the calibration constants for 
these probes. 

The data collected from the wake probe survey has been 

partially reduced, but the incomplete calibration constants and 
software glitches continue to plague the data reduction. The 

first information reduced is illustrated in Figure 2 and shows 
the velocity components at two different locations immediately 
behind the trailing edge at two different rake positions. The 

most interesting thing about this preliminary data is that there 
appears to be a reversal in sign of the v component of velocity 
near the fuselage with the propeller turning and with it 

feathered. Unfortunately, the data are for an energizer 

conf igurat ion that was installed in error. Nonetheless, this 

plot illustrates the kind of measurements that can be taken with 
the multi-hole wake rake probe. The next step is to carefully 

survey the area near the fuselage to see if the core of the 
vortex system can be located by looking at the velocity 

components in this plane. A series of flights will be flown 

shortly with their primary goal to collect this information. 

The calibration, installation, and ground checkout of the 
strain gage balance to measure forces and moments on the flow 

energizer on the right sideof the fuselage of the test airplane 








for this summer to help speed up the data reduction and the 
installation of the strain gage balance. The first flight with 
the strain gage balance installed has now slipped to July 20 and 
meeting even that date is questionable. 

The paper based on the wind tunnel tests of the 14 flow 
energizerconf igurations was published in the June 1 985 issue of 
Journal of Aircraft. 


F/E C1241.5 
RPM=2025 


!=-0. 153 



|=0.013 



Figure 2. Wake Velocity Measurements 
(Airplane Angle of Attack: 8°) 



In summary, the experimental work is progressing and data 
have been collected. The results from the wind tunnel phase of 
the program have been presented at a national conference and are 
now available to designers through the Journal of Aircraft . Data 
reduction software continues to require considerable effort and 
has slowed installation of the strain gage balance for measuring 
forces and moments on the flow energizer. Some of the schedule 
slippage has been recovered since the last progress report, but 
the project is still behind schedule. 
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TASK A: FLOW ENERGIZERS 


Numerical Part 


The numerical part of Task A during the present reporting period 
can be divided into three parts: a) Completion of a full comparison 
between the HESS panel method results and the pressure data previously 
obtained from wind tunnel measurements performed on the model of a 
typical twin engine GA airplane (Gruman Cougar) ; b) Modelling of the 
three dimensional flow about the same airplane model using a state of 
the art panel method (VSAERO code); c) Testing of the incompressible 
NavierrStokes solution method discussed in the progress report for last 
reporting period for several two dimensional configurations. 


a) A complete comparison between the wind tunnel pressure measurements 
for the above described model and the results obtained from the HESS 
panel method has been made. This comparison was done in order to 
investigate the applicability of a widely used panel method to the 
problem of flow prediction for highly complicated three dimensional 
aircraft configurations. A reasonably realistic result from the HESS 
code would make the rather costly Na vi er-Stokes calculations 
unnecessary. However, as expected, the HESS code gave good predictions 
of the flow behavior only at low angles of attack, and even here the 
detailed information about the flow in the wing-fuselage-flow energizer 
region was missing. Without this information, a qualitative analysis of 
the physical phenomena in this region is ambiguous at best. On the 
other hand, the predicted pressures for the low angles of attack agreed 
reasonably well with the experimental data. At high angles of attack ( 
a > 10° ) the flow about a major portion of the wing is dominated by 
separation, so that the pressure results from the panel method were 
highly inaccurate. The influence of the flow energizers on the flow 
behavior in regions close to them was also modeled inadequately. Here 
the wind tunnel measurements clearly displayed a small but noticeable 
change in local flow behavior after the energizers were added. The 
predicted results showed essentially no change in pressures at the same 
locations . 

Thus, it was concluded that for overall flow characteristics at low 
or moderate angles of attack, the HESS code gives good results. 
However, at high angles of attack, studied in the present research 
effort, the HESS code proved to be an inadequate tool for analytical 
investigation of the flow phenomena. The lack of detailed flow 
description is another obvious shortcoming of this method. 

b) In order to further test the usefulness of panel methods for 
studying behaviours of flows about multiple body configurations at high 
angles of attack, use is being made of a more modern and well developed 
panel method code, the VSAERO. Not only does this code handle potential 
flow about arbitrary three dimensional lifting and non lifting bodies, 
but it also includes viscous and separated flow effects as well as wake 
effects. It was felt that this code might be able to model the overall 
flow behaviour at high angles of attack and account for the local 
effects of the flow energizers much better .than the HESS code. So far, 
only a small number of initial test case results were obtained. 
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c) Work on the development of the incompressible Navier-Stokes solver 
is proceeding steadily. Its implementation for two dimensional flows 
was first successfully tested on the flat plate boundary layer problem 
and was subsequantly applied to the viscous flow around a circular 
cylinder. The highly complicated, separated flow in the case of the 
cylinder for Re=40 represents an adequate challenge and was predicted 
by the scheme very well. The pressure data as well as the extent of 
the separated region agreed very well with experimental and numerical 
data available in literature. The plot of the resulting velocity 
vectors in Fig. 3 shows the extent and shape of the separated wake 
region behind the cylinder. From these test cases, an understanding of 
the behaviour of the scheme in terms of it’s stability properties, 
convergence histories and ability to predict complicated flows 
correctly was obtained. Several more efficient versions of the basic 
algorithm were investigated, however, it was found that only its full 
form had the desired properties. The proper choice of user selectable 
parameters such as time step At, artificial compressibility factor B 
and coefficients of high frequence filtering a. and a was explored and 
their optimum values found. Currently, the numerical method is being 
used for flow predictions about two dimentional incompressible viscous 
airfoils at moderate and high angles of attack. Concurrently, the 
method is being extended to three dimensions, so that, in the 
foreseeable future, the method will be tested on simple three 
dimensional configurations. It should be pointed out that the 
availability of a super computer system, provided to us by NASA Langley 
Research Center was absolutely essential in obtaining these results and 
will be a must in the case of the three dimensional calculations. 


In summary, this part of TASK A is progressing at good pace. The 
results obtained by the incompressible Navier-Stokes solver so far are 
very promising. The main objectives of this reseach should be achieved 
according to our schedule. 


- 6 - 







TASK B 


Slipstream Effects on Natural Laminar Flow 


Progress Report 


by 


S.J. Miley and R. Howard 


Aerospace Engineering Department 
Texas A&M University 
College Station, TX 77843 


Sumbitted to Langley Research Center 
Hampton, Virginia 
Technical Monitor: J. Stickle 

Grant No. : NAG 1-344 


TASK B: SLIPSTREAM EFFECTS ON NATURAL LAMINAR FLOW 


Experimental 


The natural laminar flow test glove has been flown on 
the Schweizer 2-32 sailplane. Aircraft flying qualities 
were unaffected. Due to inexperience with the use of hot- 
wire contouring of the foam structure, the upper surface of 
the glove had large deviations from the template profile. 
This has resulted in a considerable amount of time expended 
on filling and sanding to bring the contour to the desired 
shape. This process is almost completed. Final filling and 
smoothing is in progress using a wave gauge to control 
deviations in the measurement area. A 4-channel 
instrumentation analog tape recorder has been acquired 
through university cost-sharing. The instrumentation and 
data acquisition system is presently being installed in the 
sailplane. Data flights will be initiated in July. 

Fabrication of the wind tunnel test model is nearing 
completion. The model consists of a central steel tube with 
sections from a helicopter rotor blade attached for the wing 
structure. A foam/fibreglass outer wing structure will be 
bonded to the rotor blade sections to obtain the desired 
wing profile. The outer wing structure is being formed 
utilizing molds provided by NASA. The central tube has been 
formed into a clamp which will hold the NASA SR-2 propeller 
test rig. The tube clamping system will allow a quick 
change from tractor to pusher configuration without removing 
the model from the supports in the test section. The 
inboard section of the wing outer structure will be 
removable so as to enable both direct sectional drag force 
measurements and static pressure measurements to be made. A 
tunnel entry in early August is planned following the NASA 
SR-2 test program. 

Analytical 

A literature search was performed on the subject of 
external turbulence effects on the boundary layer. Most of 
the activity sin this area is Russian, and is concerned with 
heat transfer. Comparisons of our measurements in the 2'x3' 
tunnel with the Russian data reinforce the present 
slipstream/boundary layer interaction model. The boundary 
layer cycles through changes in character consistent with 
periodic changes in external flow turbulence. In the 
laminar flow region, the boundary layer does not become 
turbulent as origionally thought, but does contain a region 
of turbulence near the wall which varies with the external 
flow turbulence. When comparing velocity profile shape 
parameters, the profiles with external turbulence become 
fuller and appear similar to laminar profiles with suction, 
i.e., profiles having a high degree of stability. Based 
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upon shape parameter comparisons with laminar and turbulent 
correlation curves, the external turbulence profiles lie in 
a transitional region between the two. The possibility of a 
transitional correlation curve is suggested. This 
possibility is further inhanced by considering 
relaminar ization profiles which follow the same path as the 
external turbulence profiles. 

Two technical papers have been generated to date. The 
first paper was presented at the SAE Business Aircraft 
Meeting in April, 1985 , the second is to be presented at the 
Notre Dame Low Reynolds Number Airfoil Conference in June, 
1985 . A third paper has been accepted for the AIAA Applied 
Aerodynamics Conference in October, 1985 . Copies of the 
first two papers are enclosed. 
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Overview of Research 


A series of wind tunnel experiments have been carried out to 
investigate the minimum induced drag and static longitudinal 
stability for a three-lifting surface configuration. The results 
are compared with the theoretical predictions of previous 
researchers, especially Butler 1 and Kendall 2 ’ 3 . Currently the 
research is being directed towards obtaining some comparative 
data from a panelized version of the wind tunnel model, run on 
the VSAERO code. 


Objective 

The theories and modifications to the theories of Prandtl 
and Munk have been used by a number of researchers to explore the 
minimum induced drag of multiplanes (aircraft with multiple 
wings). These studies have yielded comparative predictions of 
the induced drag and static longitudinal stability of 

conventional aircraft, canard aircraft and three surface 
aircraft. The effect of variations in gap and stagger are also 

an integral portion of these studies. 

Kendall has summarized the analytical results, theorizing 
that minimum induced drag should be attainable at any centre of 

gravity (eg) location so long as equal and opposite vertical 

loads are applied by the forward and aft lifting (or trimming) 
surfaces. Furthermore, these minimum induced drag loads should be 
achievable at any useable eg location, within the practical 
limits set by the size and shape of the lifting surfaces. 

An important and pragmatic concern about these theoretical 
studies is that idealizing assumptions have been made, usually 
closely allied to Prandtl's and Munk's assumption of an 
elliptical spanwise lift distribution. Butler, among others, has 
suggested that for non-elliptical lift distributions with pure 
canards, the effects are significantly different from idealised 

theory. He also predicts that the three surface induced drag at 
both typical cruise and high lift conditions is lower than the 
induced drag of either a conventional aircraft or a canard-wing 

type. 


This study examines these theoretical studies in the light 
of aerodynamic force and moment measurements of a typical 
business jet aircraft that is modified by the addition of a 
forward wing and fuselage extension for stagger. The study also 
undertakes a rough comparison with predictions from the VSAERO 
panel code. 


measurement methods to accurately determine transition. Time-dependent 
behavior, particularly at frequencies associated with propeller blade 
passage rate, was not measurable by techniques commonly employed at 
that time. Measurements by Holmes, et al . [7] using surface hot-wire 
sensors indicate the existence of a cyclic turbulent behavior resulting 
in convected regions of turbulent packets between which the boundary 
layer appears to remain laminar (Figure 1). 


V = 165 knots; 175 RPM, 3-BLADED PROPELLER 



TIME, sec 

Figure 1 . Surface hot-film measurements by Holmes et 
al. [7] showing cyclic laminar/turbulence behavior of 
boundary layer within propeller slipstream. 


EXPERIMENTAL INVESTIGATIONS 


Flight Experiments 

At Texas A&M University, flight measurements of the wing boundary 
layer in the slipstream have been made on a Gulfstream Aerospace GA-7 
Cougar at two chord locations using a dual-probe hot-wire velocity 
sensing system. One probe was located adjacent to the surface well 
within the boundary layer and the other was located directly above in 
the external flow. The results of the flight test are shown in Figures 
2-4. 


The signal traces are time histories of the local flow velocities 
in the boundary layer near the surface and in the external flow. The 
boundary layer velocity signal shows a periodic laminar/turbulent 
behavior. The change to turbulent flow results in an increase in the 
velocity seen by the probe because of the fuller turbulent profile. 
This change in profiLe results from periodic disturbances in the 
external flow due to the viscous wake shed from the propeller blade. 


Concluding Remarks 


Preliminary experimental results indicate broad agreement 
with Butler's conclusions on the induced drag. Currently the 
analytical study is underway and results should be available 
shortly. Final conclusions will appear in the form of a journal 

article. However, the full complement of wind tunnel test data 

is given in the Appendix. 
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The fuselage plug is bounded by the light bands in the photograph. 
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Figure 3 - Concluded. 
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Figure 4 - The effect of stagger on the aerodynamic 
coefficients of a TLC . 
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An Investigation of the Effects of the Propeller 
Slipstream on a Laminar Wing Boundary Layer 

Richard M. Howard and Stan J. Miley 

Texas A&M University 
Bruce J. Holmes 
NASA Langley Research Center 


A research program is in progress 
to study the effects of the propeller 
slipstream on natural laminar flow. 
Flight and wind tunnel measurements of 
the wing boundary layer have been made 
using hot-film velocity sensor probes. 
The results show the boundary layer, at 
any given point, to alternate between 
laminar and turbulent states. This 
cyclic behavior is due to periodic 
external flow turbulence originating 
from the viscous wake of the propeller 
blades. Analytic studies show the 
cyclic laminar /turbulent boundary layer 
layer to result in a significantly lower 
wing section drag than a fully turbulent 
boundary layer. The application of 
natural laminar flow design philosophy 
yields drag reduction benefits in the 
slipstream affected regions of the 
airframe, as well as the unaffected 
regions . 


IT IS BECOMING increasingly apparent 
that natural laminar flow ( NLF ) is a 
technology whose time has come to the 
general aviation industry. What had 
been the exclusive province of high per- 
formance sailplanes, is now commonplace 
in sport aircraft and is appearing on 
advanced technology prototype business 
aircraft. The adoption of NLF methodo- 
logy brings numerous design problems in 
the general area of aerodynamic cleanli- 
ness. An important design problem for 
propeller driven aircraft is where to 
put the propeller slipstream. Tractor 
propeller installations offer many 
adntages. A generally accepted disad- 
vantage, however, is that the propeller 
slipstream will come in contact with 
some parts of the airframe and eliminate 
the beneficial effects of laminar flow 
from the affected areas. The commonly 


applied solution Is to adopt pusher 
installation designs to remove the slip- 
stream from contact with the airframe. 
Pusher installations have their disad- 
vantages also, however. In a recent 
survey of propeller propulsion integra- 
tion technology by Miley and von Lavante 
(1)*, no clear advantage was found in 
the comparison of tractor versus pusher 
wing mounted installations. This con- 
clusion is based upon a review of avail- 
able published data from 1 930 to pres- 
ent. As part of the Viscous Drag Reduc- 
tion Research Program at NASA Langley 
Research Center, Texas A&M University 
(TAMU) has been i n v e s t i ga t i n g the 
effects of a propeller slipstream on 
natural laminar flow. 

Early observations of the effect of 
the propeller slipstream on boundary 
layer transition have not resulted in 
consistent conclusions. Young and Mor- 
ris (2,3), and Hood and Gaydos (4) con- 
cluded from their investigations that in 
the propeller slipstream the point of 
transition from laminar to turbulent 
flow moved forward to a location near 
the leading edge. Reports by Zalovcik 
(5), and Zalovcik and Skoog (6) describe 
wing boundary layer measurements in 
propeller slipstreams performed on P-47 
aircraft utilizing a NACA 230 series 
wing section and a NACA 66 laminar flow 
series wing section. Their results show 
little effect of the slipstream on tran- 
sition for the NACA 230 section; how- 
ever, the test with the NACA 66 series 
wing section resulted in the transition 
point location moving forward from 50 
percent to 20 percent chord, indicating 
a significant loss of laminar flow. 


# Numbers in parentheses designate 
references at end of paper. 


1 


Recent work by Holmes, Obara and 
Yip (7) and Holmes, et al . (8) brings 
into question the validity of the abil- 
ity of the early measurement methods to 
accurately determine transition. The 
use of total pressure probes in combi- 
nation with large volume pressure trans- 
ducers, such as manometer systems, pro- 
vided only time-averaged information. 
Time-dependent behavior, particularly at 
frequencies associated with propeller 
blade passage rate, was not measurable 
by techniques commonly employed at that 
time. Measurements by Holmes, et al. 
(7) using surface hot-film sensors indi- 
cate the existence of a cyclic turbulent 
behavior resulting in convected regions 
of turbulent packets between which the 
boundary layer appears to remain lami- 
nar. The observed behavior is summa- 
rized in Figure 1. 
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Figure 1. In-flight, hot-film measured, 
t i me- de pendent effects of propeller slip- 
stream on the laminar boundary layer 
( T 3 4 C airplane) . 


The present research program at 
TAMU is extending the initial work by 
Holmes, et al . towards a more detailed 
study of the response of the laminar 
boundary layer to the propeller slip- 
stream. Analysis of the discovered 
periodic lami nar / t ur bul ent nature of the 
wing boundary layer forms the basis of 
the current effort. The ultimate objec- 


O X V ^ 


/ o develop 


practical means for predicting skin 
friction drag on laminar surfaces 
immersed in propeller slipstreams. In 
the case of wing sections, the results 
of the study may lead to airfoil designs 
which utilize the slipstream affected 
boundary layer to advantage. 


EXPERIMENTAL INVESTIGATIONS 

FLIGHT EXPERIMENTS - Initial exper- 
iments at TAMU were carried out in 
flight on a Gulfstream Aerospace GA-7 
Cougar donated to the university by 
Gulfstream for faculty and student 
research projects. A two-probe hot-film 
velocity sensing system was installed on 
the wing within the slipstream at two 
different chordwise locations. One 
probe was located adjacent to the sur- 
face, well within the boundary layer. 
The second probe was mounted directly 
above, outside of the boundary layer, iri 
the external flow. The signals recorded 
simultaneously provide an indication of 
the external flow disturbance and the 
subsequent boundary layer response to 
this disturbance. A constant power set- 
ting was used, and the airspeed was var- 
ied over the operating range of the air- 
craft. The engine on the instrumented 
side was shut down and the test condi- 
tions were repeated under asymmetrical 
power to record the flow behavior with- 
out the slipstream disturbance. 

FLIGHT RESULTS - The results of 
this investigation are given in Figures 
2-4. The signal traces are time histo- 
ries of the local flow velocity in the 
boundary layer near the surface and in 
the external flow immediately above the 
boundary layer. It is noted here that 
the noise in the laminar signals is due 
to structural vibration associated with 
engine and propeller operation. The 
boundary layer velocity signal shows a 
periodic laminar/turbulent flow. The 
change to turbulent flow results in an 
increase in the velocity seen by the 
probe because the corresponding turbu- 
lent boundary layer velocity profile is 
fuller near the surface. The turbulent 
flow in the boundary layer results from 
periodic disturbances in the external 
flow due to the viscous wake from the 
propeller blade. The length to which 
the cyclic turbulence remains in the 
boundary layer is dependent upon local 
laminar stability. At the high-speed 
end, the pressure gradient is strongly 
favorable, and laminar stability is cor- 
respondingly high. Here, the boundary 
layer reverts almost immediately back to 
laminar flow after the passage of the 
external disturbance. At the low-speed 
end, the pressure gradient is no longer 
strongly favorable, laminar stability is 
greatly decreased, and the turbulence 
remains for almost the total cycle. 

The corresponding character of the 
boundary layer flow without the propel- 
ler running is shown in Figure 3. The 
wing section of the GA-7 is a NACA 64 
laminar flow series. At low angles of 
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Figure 2. Description of velocity 
sensor signals seen in Figures 3 and 4. 
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PROPELLER OFF 

Figure 3. Time-dependent boundary layer velocity response 
with and without slipstream measured in flight at 12 percent 
chord . 
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PROPELLER ON 

Figure 4. Time-dependent boundary layer and external flow 
velocity response with slipstream measured in flight at 30 
percent chord. 
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attack, a favorable pressure gradient A slipstream disturbance flow model 

normally extends to 40 percent chord. was constructed from analyzing the 

However, away from the leading edge, the flight data, and is shown in Figure 5. 

pressure distribution flattens out giv- The viscous wake from the propeller 

ing a less favorable pressure gradient. blade forms a helical sheet which is 

This, in combination with the growth of split by the wing; one part passing over 

the boundary layer, progressively the upper surface, the other part pass- 

reduces laminar stability, eventually ing over the lower surface. The turbu- 

leading to transition and turbulence. lence in this helical wake is seen by a 

These results imply that more strongly stationary point in the boundary layer 

favorable pressure gradients will be as a periodic change in external flow 

required to achieve maximum runs of turbulence. The laminar boundary layer 

laminar flow in propeller slipstreams. responds by transitioning to the turbu- 

The effects of reduced laminar stability lent state, and then returning to the 

at the 30 percent chord location is evi- laminar state through re ver se- tr ans i t i on 

dent in ‘ Figure 4. Here also is seen based on the degree of local laminar 

the character of the external flow dis- stability. With the knowledge gained 

turbance due to the propeller slip- from the flight test program, a small- 

tream. The viscous blade wake appears as scale wind tunnel program was initiated 

short wave impulse barely discernible at to study the boundary layer response in 

the high speed end. As the speed is more detail. 

reduced, the propeller blade operates at WIND TUNNEL INVESTIGATION - The 

an increasingly higher angle of attack investigation was carried out in the 

and the viscous wake grows, leading to a TAMU 2 by 3 foot wind tunnel. The test 

more pronounced impulse disturbance sig- model was a 30-inch chord NACA 0012 

nal. This is noted in the figures in composite wing section with an 18-inch 

terms of the propeller thrust coeffi- diameter s ingle-bladed propeller and 

cient. The low frequency wave pattern electric motor mounted at wing level at 

which develops In . the external slip-' one-fifth chord distance upstream, 

stream flow is due to the propeller tip Measurements were made at various angles 

vortex. As demonstrated by Sparks and attack with a constant temperature 

Miley (9), the helical tip vortex in- hot-wire anemometer system utilizing a 

duces an axial component in the slip- dual-probe configuration similar to that 

stream velocity which increases with the flight investigation. The probes 

vortex strength (propeller thrust coef- were installed so that they could be 

ficient), and as the edge of the slip- . traversed in a chordwise direction along 
stream boundary is approached. While the airfoil. The probe support are was 

the tip vortex induced flow dominates free to pivot so that the sensors fol- 

the slipstream velocity signal, it will lowed the airfoil contour, maintaining 

be shown that it is the relatively constant heights of appr oxi ma t el y 0.01 

smaller blade viscous wake disturbance inches (.25 mm) and 1.0 inches (25 mm) 

which is affecting the laminar boundary above the surface. Thus, as in the 

layer . 



Figure 5. Propeller slipstream disturbance flow model. 



WIND TUNNEL RESULTS - Two runs from 
first series of experiments are 
wn in Figures 6, 7 and 8. Figure 7 
ws a series of measurements at -3 
rees angle of attack, resulting in a 
orable pressure gradient along the 
er surface. In each photograph the 
er trace is the velocity in the boun- 
y layer near the surface; the middle 
ce is the velocity for the external 
w probe; and the lower trace is the 
gger signal for the oscilloscope ob- 
ned from a magnetic proximity trans- 
er sensing propeller blade passage. 

upper row of photographs shows the 
ocity at chord locations indicated 
h the propeller off. Transition 
es place at approximately 70 percent 
rd at a chord Reynolds number of 
0 s . The actual character of the 


erved transition region is shown in 

















PROPELLER OFF 



ANGLE OF ATTACK 1° 

Figure 8. Time-dependent boundary layer and external flow 
velocity reponse with and without slipstream measured in 
the wind tunnel, a=1°. 


the corresponding photograph. Low fre- 
quency Tol lmi en-Sc hi i cht i ng waves appear 
with intermittent bursts of turbulence. 

The lower row of photographs shows 
the velocities measured with the propel- 
ler running. The blade wake in the 
external flow can be seen in the middle 
trace and the boundary layer response 
near the surface in the upper trace. 
The growth of the turbulent part of the 
cycle increases with decreasing laminar 
stability in the chordwise direction. 
Evident also is cyclic laminar penetra- 
tion of the previously turbulent region 
on the aft part of the airfoil. Note 
this effect in the photograph for the 80 
percent chord location. This behavior 
wa3 seen in the flight data, but it is 
much more pronounced here; possibly 
because of the reduced Reynolds numbers. 
Another important feature is more evi- 
dent here: the waveform of the cyclic 
velocity variation. With the arrival of 
the external disturbance, the velocity 
at the sensor location immediately jumps 
to the co r r es pond i ng turbulent level. 
After the disturbance passes, the velo- 
city returns to the 1 a m i n a i ■ x e v e x da an 
exponential decay. This behavior will 
be discussed later in the paper. 

Figure 8 shows the results for + 1 
degrees angle of attack. Outside of an 
initial favorable gradient peak near the 
leading edge, the pressure gradient is 
adverse over the upper surface. The 
laminar boundary layer responds accord- 


ingly, transition now occurring at 40 
percent chord. The turbulent length of 
the cycle behaves as noted previously. 
More evident here is the cyclic laminar 
penetration of the previously turbulent 
boundary layer. For the test Reynolds 
numbers, the propeller slipstream 
appears to have a beneficial effect in 
the turbulent flow region of the air- 
foil. The mechanism behind the laminar 
penetration is not understood at pre- 
sent. Likely possibilities include a 
reaction to the cyclic external flow 
turbulence, and/or three-dimensional 
effects from the swirl component in the 
helical wake sheet. The latter was 
investigated by orienting the hot-film 
sensor parallel to the chordwise direc- 
so that the primary response would be in 
the spanwise or crossflow direction. 

The crossflow measurements are 
shown in Figure 9. The boundary layer 
velocity in the crossflow direction at 
the sensor, changes from laminar to tur- 
bulent without the increase associated 
with the change in velocity profile, as 
observed with the measurements in the 
chordwise direction. In the external 
flow, there is a definite vorticity com- 
ponent in the crossflow direction in the 
blade wake. The direction of the vorti- 
city is consistent with that which would 
be shed by a propeller blade generating 
lift. The importance of this effect is 
not known at present. 
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Figure 9. Time-dependent crossnow veiocniea 
the propeller slipstream. 


Hi c d o u f tr u xii 


WAKE PASSAGE PERIOD 


-TURBULENCE INTENSITY ENVELOPE 



RELATIVE VELOCITIES WITH TURBULENCE 
INTENSITY ENVELOPES 


VELOCITY PROFILE 


Figure 10. Repr esen t a t i ve time-dependent turbulence intens- 
ity measurements across a propeller blade wake passage cycle. 


Boundary Layer Profile Measurement 
Resul t s - The data recorded in the sec- 
ond series of experiments consisted of 
velocity time histories at different 
heights above the surface within the 
boundary layer. Sufficient data were 
taken to construct time histories of the 
mean velocity profile, and of the turbu- 
lence intensity at each corr espondi ng 
point within the profile. A represen- 
tative plot of these data is given in 
Figure 10. The mean streamwise velocity 
across a blade wake passage cycle is 
plotted with the turbulence intensity 
superimposed as a ’’turbulence intensity 


envelope”. Three positions across the 
boundary layer are displayed. The upper 
trace shows the external flow turbulent 
disturbance. There is a velocity de- 
fect, characteristic of momentum-loss 
wake profiles. The middle trace shows 
the growth of the turbulence as one pro- 
ceeds into the boundary layer. The low- 
er trace shows the response near the 
surface to be an increase to a turbulent 
velocity followed by a decay back to the 
laminar state, as has been seen pre- 
viously. The turbulence intensity 
decreases with the reversion to laminar 
f low . 










Figure 11. Boundary layer profiles at 45 percent chord 
location at three angles of attack for three time positions 
in blade wake passage cycle. 


Figure 11 shows three sets of 
velocity profiles, each set including 
three profiles at different points in 
the cycle. Each set represents a dif- 
ferent angle of attack, giving pressure 
gradient effects ranging from favorable 
to adverse. The profiles were not nor- 
malized with respect to their individual 
thicknesses, so their respective true 
thicknesses are reflected in the figure. 
Without the usual thickness normaliza- 
tion, the laminar profile appears to be 
fuller relative to the turbulent pro- 
files. Applying the normalization would 
show the turbulent profile to be fuller, 
as is well established by theory. Note 
that the bottom line does not represent 
the surface of the airfoil but the low- 
est point in the boundary layer at which 
measurements could be taken. 

The laminar profile is easily rec- 
ognizable by the linear velocity gradi- 
ent near the surface. The turbulent 
profile displays a greater thickness 
than the laminar as well as a higher ve- 
locity near the surface. The third pro- 
file shape to be noted starts at the ex- 
ternal flow with a higher velocity than 
the fully turbulent, and returns to a 
more turbulent profile as the mid-layer 
is reached. This third profile lies in 
the reverse-transitional part of the 
cycle where the flow is reverting to the 
laminar state. This is best noted in 
the the case of the adverse pressure 
gradient at +3 degrees angle of attack. 
These t i me- de pendent profile measure- 
ments help clarify the peculiar time- 
averaged profiles measured by Holmes et 
al. (8) on the Bellanca Skyrocket in 
flight . 


A second way to characterize the 
reverse-transitional behavior is to con- 
sider the level of turbulence intensity 
through the boundary layer. Referring 
to Figure 10, a vertical scan indicates 
that at the return to the laminar state 
in the external flow, there is a high 
level of turbulence intensity near the 
airfoil surface. In Figure 12 a veloc- 
ity profile is plotted on the right with 
a 1 turbulence intensity envelope superim- 
posed. The increase in turbulence in- 
tensity is evident as one moves from the 
external flow towards the surface. 
Again, the bottom line represents the 
lower limit of measurement, and not the 
airfoil surface. It would be expected 
that the level of turbulence intensity 
would go to zero as the actual surface 
is approached. The graph on the left is 
the value of the turbulence intensity 
used to construct the envelope on the 
r ight . 

A comparison with the turbulence 
intensity across the turbulent profile 
is shown in Figure 13. It can be seen 
that the level of turbulence intensity 
remains approximately constant at 14 
percent (open squares) as opposed to the 
gradual increase to a level of 9 percent 
(solid circles) for the reverse-transi- 
tional case as the airfoil surface is 
approached. Experiments by Dyban, Epik 
and Surpun (10) show similar behavior 
for low and high levels of external flow 
turbulence. Results from their work are 
reproduced in Figure 13. Higher levels 
of external flow turbulence produce a 
constant level throughout the the boun- 
dary layer due to the controlling mecha- 
nism of* penetration of the turbulence. 
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Figure 12. Turbulence intensity across the boundary layer 
for the reverse-transitional profile. 
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0 


25.2% 18.4% 9.7% 4.4% 0.3% 



D T urbulent • Reverse-transitional dyban , epik and surpun < 1976 ) 


Figure 13. Comparison of turbulence intensities for two 
profiles with results of Dyban, Epik and Surpun (10). 


On the other hand, lower levels of tur- 
bulence (on the order of a few percent) 
result in higher levels near the surface 
due to the mechanism of generation. 
Thus across a propeller blade wake pas- 
sage cycle, the boundary layer at a 
point on the airfoil surface goes 
through the distinct phases of turbu- 
lent, reverse-transitional and laminar 
behavior consistent with a cyclic vari- 
ation in external flow turbulence. An 
improved physical model can be proposed 
based upon the above observations, as 
shown in Figure 14. The model locally 
describes the shape of the mean velocity 
profile and the level of turbulence in- 
tensity across the boundary layer. 


ANALYTICAL MODELLING 

The Cebeci-Carr bo undar y- 1 ayer code 
(11) was used in a preliminary attempt 
to numerically model the boundary layer 
response to the propeller slipstream. 
Computer runs were made for the simple 
case of flat plate flow in which the 
turbulent solution procedure was 
switchedon, then switched off back to 
the laminar solution procedure. 
Switching-on of the turbulent solution 
procedure is what normally occurs in a 
boundary layer analysis code after the 
transition criteria have been satisfied 
at some point in the flow. For the 
Cebeci-Carr code, this was relatively 






BLADE WAKE TURBULENT 



Figure 14. Propeller slipstream disturbance flow model 
showing turbulent response in boundary layer. 
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Figure 15. Numerical modelling of laminar /turbulent/- 
reverse- trans i t ional cycle in boundary layer for flat plate 
flow . 


easy to accomplish as the only differ- 
ence in the solution procedures was the 
inclusion of an eddy viscosity model for 
the turbulent part. An attempt was made 
to model the reverse-transitional region 
observed exper imentally by switching 
back to the laminar solution. Figure 15 
shows the results for a representative 
case. The velocity ratio plotted in the 
top graph is the calculated value cor- 
responding to a point approximately the 


same height above the surface as the 
experimental measurements. The sharp 
rise in velocity, the steady turbulent 
level, and the laminar decay observed 
exper imentally (see Figure 8) can be 
seen in this solution procedure. The 
cause of this behavior can be ascer- 
tained in the lower part of the figure 
by noting the change of profile shape 
from laminar, to turbulent, to reverse- 
transi t ional . 


10 



ORIGINAL PAGE IS 
OF POOR QUALITY 



io 5 <o 7 

DRAG COEFFICIENT FOR FLAT PLATE FLOW 


X Laminar theory, from Blasiua O Mixed lammar/turbulent. Cebec^-Carr 

Cd = .0038 

4 T “ ,C,ul,M ,ro " p, * nt3 "'Sch"ch,ino Q TurbuWnti c , btcK :«rr CO =.0058 

<D Laminar, using Cebeci-Carr Cd = .0024 

Figure 16. Comparison or calculated 
cyclic mixed laminar/ turbulent drag 
coefficient with fully laminar and fully 
turbulent solutions. 


By performing this procedure multi- 
ple times across the flat plate and 
integrating the skin friction values, a 
sectional drag coefficient was deter- 
mined. This drag coefficient, and the 
values calculated by the Cebeci-Carr 
program for the fully laminar and fully 
turbulent cases are given in Figure 16, 
along with the well known Blasius and 
Pr and t 1-Schl i cht i ng curves. The cyclic 
laminar /turbulent drag coefficient lies 
between the fully laminar and fully tur- 
bulent values as might be expected. 
This result agrees with calculations 
performed by Holmes, et al . (7) in 
regards to an early wind tunnel investi- 
gation reported by Wenzinger (12). 
Wenziager made wake survey drag meas- 
urements of a powered wind tunnel model 
wing with propeller running and propel- 
ler off. Utilizing the Eppler airfoil 
design and analysis code (13), Holmes 
demonstrated that the propeller-on drag 
value lies between the normal free tran- 
sition case and the fully turbulent 
case. Referring to Figure 17, the wing 
section drag coefficient with slipstream 
is only 60 percent greater then the val- 
ue obtained if the full possible extent 
of laminar flow were realized. On the 
other hand, if the wing boundary layer 
is fully turbulent, the drag increase is 
150 percent above laminar. It should be 
noted in Figure 17, that the free tran- 
sition calculation agrees with the pro- 
peller-off drag measurement. The drag 
reduction benefits of NLF design philos- 
ophy extend into the slipstream region 
also. 

Two independent and different ana- 
lytical investigations coupled with 
experimental measurements lead to the 



Figure 17. Comparison of measured 
drag (solid squares) with and without 
slipstream, with calculated drag 
( open circles ) . 


same general conclusion: the effect of 
the propeller slipstream on the wing 
boun dary layer is to increase the drag 
coefficient above the free transition 
value, but not to the extent of a fully 
turbulent value as early investigations 
suggested . 

The results of the analytical 
investigations suggest that a practical 
boundary layer analysis procedure can be 
formulated to predict wing section drag 
within a slipstream. As a better under- 
standing of the boundary layer behavior 
in a slipstream is developed, certain 
character istics may emerge which could 
be useful in the design of wing sections 
for this flow region. 

CONCLUSIONS 

A cyclic laminar and turbulent flow 
has been observed in the wing boundary 
layer in the propeller slipstream. The 
flow displays a coherent behavior which 
may be modelled numerically. 

Boundary layer measurements indi- 
cate the existence of three types of 
velocity profiles that characterize the 
t i m e - d e p e n d e n t flow: turbulent, 
r e ver s e- t r ans i t i onal and laminar. The 
type of profile has been further char- 
acterized by the turbulence intensity 
level throughout the boundary layer. 

With these results, an improved 
physical model of the boundary layer in 
the propeller slipstream is proposed. A 
greater understanding of the physics of 
the flow in the slipstream and an accu- 
rate computational method of predicting 
the boundary layer behavior there may 
lead to the design of NLF airfoils tai- 
lored for those conditions. 
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Drag reduction benefits can be ob- 
tained by applying NLF design philosophy 
to airframe surfaces within the slip- 
stream . 

Tractor propeller installations 
should not be automatically excluded 
from NLF aircraft design. 
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ABSTRACT 

The effects of a propeller slipstream on the wing laminar boundary 
are being investigated. Hot-wire velocity sensor measurements have 
been performed in flight and in a wind tunnel. It is shown that the 
boundary layer cycles between a laminar state and a turbulent state at 
the propeller blade passage rate. The cyclic length of the turbulent 
state increases with decreasing laminar stability. Analyses of the 
time varying velocity profiles show the turbulent state to lie in a 
transition region between fully laminar and fully turbulent. The 
observed cyclic boundary layer has characteristics similar to 
relaminarizing flow and laminar flow with external turbulence. 

INTRODUCTION 

A research program is in progress to investigate the behavior of 
the laminar boundary layer as affected by a propeller slipstream. 
Although the investigation is directed towards manned propeller driven 
aircraft, much of the experimental work to date has been performed at 
Reynolds numbers less than 1x10 s . These results are therefore also 
applicable to low Reynolds number aircraft. 

Early observations of the effect of the propeller slipstream on 
boundary layer transition have not resulted in consistent conclusions. 
Young and Morris [1,2], and Hood and Gaydos [3] concluded from their 
investigations that the propeller slipstream caused the point of 
transition to move forward to a location near the leading edge. 
Reports by Zalovcik [4], and Zalovcik and Skoog [5] describe wing 
boundary layer measurements in propeller slipstreams performed on P-47 
aircraft utilizing an NACA 230 series wing section and an NACA 66 
series laminar flow wing section. Their results show little effect of 
the slipstream on transition for the NACA 230 section; however, the 
test with the NACA 66 series section resulted in the transition point 
location moving forward from 50 to 20 percent chord. The general 
consensus from this early work is that the propeller slipstream reduced 
the extent of laminar flow by forcing transition to occur earlier. 

Recent work by Holmes, Obara and Yip [6] and Holmes, et al . [7] 
brings into question the validity of the ability of the early 


measurement methods to accurately determine transition. Time-dependent 
behavior, particularly at frequencies associated with propeller blade 
passage rate, was not measurable by techniques commonly employed at 
that time. Measurements by Holmes, et al . [7] using surface hot-wire 
sensors indicate the existence of a cyclic turbulent behavior resulting 
in convected regions of turbulent packets between which the boundary 
layer appears to remain laminar (Figure 1). 


V = 165 knots; 175 RPM, 3-BLADED PROPELLER 



t 0 .1 .2 .3 .4 .5 .6 .7 .8 

TIME, sec 


Figure 1 . Surface hot-film measurements by Holmes et 
al. [7] showing cyclic laminar/turbulence behavior of 
boundary layer within propeller slipstream. 


EXPERIMENTAL INVESTIGATIONS 

Flight Experiments 

At Texas A&M University, flight measurements of the wing boundary 
layer in the slipstream have been made on a Gulfstream Aerospace GA-7 
Cougar at two chord locations using a dual-probe hot-wire velocity 
sensing system. One probe was located adjacent to the surface well 
within the boundary layer and the other was located directly above in 
the external flow. The results of the flight test are shown in Figures 
2-4. 

The signal traces are time histories of the local flow velocities 
in the boundary layer near the surface and in the external flow. The 
boundary layer velocity signal shows a periodic laminar/turbulent 
behavior. The change to turbulent flow results in an increase in the 
velocity seen by the probe because of the fuller turbulent profile. 
This change in profile results from periodic disturbances in the 
external flow due to the viscous wake shed from the propeller blade. 
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Boundary layer 
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i 
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Blade wake disturbance \ 
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Tip vortex induced flow 


Figure 2. Identification of hot-wire velocity sensor 
signals in Figures 3-4. 
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PROPELLER ON 



PROPELLER OFF 


FLIGHT TEST - 12% CHORD 

Figure 3. Velocity signal in boundary layer near 
surface, showing cyclic laminar/turbulent flow 
(propeller on) and laminar-transition- turbulence 
(propeller off). 


The length of time which the cyclic turbulence remains in the boundary 
layer- is dependent upon the laminar stability in the differing pressure 
gradients from the high-speed to the low-speed end. At the high-speed 
end, the pressure gradient is strongly favorable, and laminar stability 
is correspondingly high. Here, the boundary layer reverts almost 
immediately back to laminar flow after the passage of the external 
disturbance. At the low-speed end, the pressure gradient is no longer 
strongly favorable, laminar stability is greatly decreased, and the 
turbulence remains for almost the total cycle. 
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FAVORABLE — PRESSURE GRADIENT — ADVERSE 
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PROPELLER ON 


FLIGHT TEST - 30% CHORD 

Figure 4. Velocity signals in boundary layer near 
surface and in external flow. 


The effect of reduced laminar stability at the 30 percent chord 
location is evident in Figure 4. Here also is seen the character of 
the external flow disturbance due to the propeller slipstream. The 
viscous blade wake appears as a short wave impulse barely discernible 
at the high-speed end. As the speed is reduced, the propeller blade 
operates at an increasingly higher angle of attack and the viscous wake 
grows, leading to a more pronounced impulse disturbance signal. This 
is noted in the figures in terms of the propeller thrust coefficient. 
The low frequency wave pattern which develops in the external 
slipstream flow is due to the propeller tip vortex. As demonstrated by 
Sparks and Miley [8], the helical tip vortex induces an axial component 
in the slipstream velocity which increases with vortex strength 
(propeller thrust coefficient), and as the edge of the slipstream 
boundary is approached. While the tip vortex induced flow dominates 
the slipstream velocity signal, it will be shown that it is the 
relatively smaller blade viscous wake disturbance which is affecting 

the laminar boundary layer. 

A slipstream disturbance flow model (Figure 5) was constructed 
from an analysis of the flight data. The viscous wake from the 
propeller blade forms a helical sheet which is split by the wing. The 
turbulence in the helical wake is seen by a stationary point in the 

boundary layer as a periodic change in external flow turbulence. The 
laminar boundary layer responds by transitioning to the turbulent state 
and then returning to the laminar state through a reverse-transitional 
process based upon the degree of local laminar stability. 

Wind Tunnel Investigation 

A small-scale wind tunnel test program was begun to study the 

boundary layer response in more detail. The test model was a 30-inch 

chord NACA 0012 composite wing section with an 1 8-inch diameter 
si.ngle-bladed propeller and electric motor mounted at wing level at 
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one-fifth chord distance upstream. Measurements were made at various 
angles of attack with a constant temperature hot-wire anemometer system 
and dual-probe configuration similar to that used in flight. The 
probes were traversed in a chordwise direction along the airfoil with 
the probe support free to pivot allowing the sensors to follow the 
airfoil contour. The probe heights above the surface were maintained 
at approximately 0.01 and 1.0 inches. 

Two runs are shown in Figures 6-8. Figure 6 describes the signals 
seen in the photographs in the following figures. In each photograph 
the upper trace is the velocity in the boundary layer near the surface; 
the middle trace is the velocity for the external flow probe; and the 
lower trace is the trigger signal for the oscilloscope obtained from a 
magnetic proximity transducer sensing propeller blade passage. Figure 
7 shows a series of measurements at -3 degrees angle of attack 
resulting in a favorable pressure gradient along the upper surface. 
The upper row of photographs shows time histories of velocities at 
chord locations indicated with the propeller off. Transition takes 
place at approximately 70 percent chord at a chord Reynolds number of 
6x10 5 . Low frequency Tollmi en-Schl i cht i ng waves appear with 
intermittent bursts of turbulence. 

The lower row of photographs shows the velocities measured with 
the propeller running. The growth of the turbulent part of the cycle 
increases with decreasing laminar stability in the chordwise direction. 
Evident also is cyclic relaminarization of the previously turbulent 
region on the aft portion of the airfoil. Note this effect in the 
photograph for the 80 percent chord location. This behavior was seen 
in the flight data, but is more pronounced here, possibly due to the 
low Reynolds number. The waveform of the cyclic velocity variation can 
be noted, with the immediate jump to a turbulent velocity level with 
the arrival of the external disturbance. After the disturbance passes, 
the velocity returns to the laminar level as an exponential decay. 
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Boundary layer velocity 
near surface 


Freestream velocity 


Magnetic pick-up behind 
propeller 


Figure 6. Identification of hot-wire velocity sensor 
signals in Figures 7-8. 
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Figure 7. Velocity signals in boundary layer near 
surface and in external flow, showing cyclic 
laminar/turbulent flow (propeller on) and 
laminar-transition-turbulence (propeller off). -3° 
angle of attack. 


Figure 8 shows the results for 1 degree angle of attack. The 
pressure gradient is less favorable over the upper surface; the laminar 
boundary layer responds by transitioning now at 40 percent chord. More 
evident here is the cyclic relaminarization of the previously turbulent 
boundary layer. For the low test Reynolds number, the propeller 
slipstream appears to have a beneficial effect in the turbulent flow 
region of the airfoil. The mechanism behind the relaminarization is 
not understood at present. Possibilities include a reaction to the 
cyclic external flow turbulence and/or three-dimensional effects from 
the swirl component in the helical wake sheet. 
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Figure S. Velocity signals in boundary layer near 
surface and in external flow, showing cyclic 
laminar/turbulent flow (propeller on) and 
laminar-transition-turbulence (propeller off). +1° 
angle of attack. 

A second series of experiments was conducted utilizing a single 
hot-wire probe to traverse the boundary layer normal to the surface. 
Runs were made at three angles of attack. The velocity time histories 
were digitized through a microcomputer and stored on floppy disk for 
analysis. Sufficient data were taken to construct time histories of the 
mean velocity profile, and of the turbulence intensity at each 
corresponding point within the profile. A representative plot of these 
data is given in Figure 9. The mean streamwise velocity across a blade 
wake passage cycle is plotted with the turbulence intensity 

superimposed as a "turbulence intensity envelope". Three positions 
across the boundary layer are displayed. The upper trace shows the 
external flow turbulent disturbance. There is a velocity defect, 
characteristic of momentum-loss wake profiles. The lower trace shows 
the response near the surface to be an increase to a turbulent velocity 
followed by a decay back to the laminar state, as has been seen 
previously. The turbulence intensity decreases with the reversion to 
laminar flow. 


ANALYSIS AND RESULTS 

Figure 10 shows three sets of velocity profiles, each set 
including three profiles at different points in the wake passage cycle. 
Each set represents a different angle of attack, giving pressure 
gradient effects ranging from favorable to adverse. The profiles were 
not normalized with respect to their individual thicknesses. Note that 
the bottom line does not represent the surface of the airfoil but the 
lowest point in the boundary layer at which measurements could be 
taken. The profiles within each set are identified according to their 
position in the wake passage cycle, i.e. "laminar," "reverse- 
transitional," and "turbulent". Each of these positions also 











Figure 9. Time histories of the mean velocity and 
turbulence intensity at three vertical positions in 
the boundary layer. Data for one wake passage cycle. 



Figure 10. Boundary layer velocity profiles for 
three different angles of attack and for three 
different positions in the wake passage cycle. 


corresponds to a level of external flow turbulence intensity. The 
turbulence intensity distribution (profile) through the boundary layer 
for the 0 degree angle of attack case is shown in Figure 11. Due to 
limitations of the digitizer, the upper cut-off frequency of the data 
is approximately 100 hertz. Also, the wind tunnel has a low frequency 
unsteadiness which was not removed from the data. It is seen that 
there is a correspondence between the external flow turbulence 
intensity, the boundary layer velocity profile, and the boundary layer 
turbulence intensity profile. 

The effect of external flow turbulence on laminar and turbulent 
boundary layers has been investigated to a limited extent, primarily 
with concern to heat transfer. The work of Dyban, Epik and Surpun [9] 
is summarized in Figure 12. The laminar boundary layer over a flat 
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Figure 11. Turbulence intensity 
profiles for three different 
positions in the wake passage 
cycle. 0° angle of attack. 



a) Boundary layer velocity profiles 
for three ranges of external flow 
turbulence. Blasius (flat plate) 
profile shown for reference. 



b) Boundary layer turbulence peak turbulence intensity 

intensity profiles for different to external flow turbulence 

external flow turbulence intensity intensity for two different 

levels Reynolds numbers. 


Figure 12. Results from Dyban et al. [9]. 


plate is subjected to different levels of external flow turbulence 
intensity. The resulting boundary layer velocity and turbulence 
intensity profiles are shown in the figure. As the external flow 
turbulence intensity is increased, the velocity profile becomes fuller. 
Three distinct ranges of external turbulence intensity have been 
identified according to the respective generation of turbulence within 
the boundary layer. As shown in Figure 12c, these ranges are: for an 
external turbulence intensity less than A . 5 percent, the generated 
turbulence intensity in the boundary layer increases at a faster rate 




than the external flow turbulence intensity, the generated intensity 
reaching peak levels 2 to 3 times as large depending on the Reynolds 
number; for 4.5 to 10 percent external flow turbulence intensity, the 
generated turbulence intensity in the boundary layer increases at a 
slower rate than the external flow turbulence intensity, reversing the 
trend in the first range; and for an external flow turbulence intensity 
greater than 10 percent, the rate of increase of generated turbulence 
intensity in the boundary layer monotbnically approaches that of the 
external flow. The boundary layer velocity and turbulence intensity 
profiles in Figure 12 are identified respectively according to these 
ranges. 


Comparison of the wind tunnel measurements with the the work of 
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within the slipstream can be characterized as a boundary layer with a 
cyclic variation of external flow turbulence. As indicated in Figure 
5, the source of the external flow turbulence is the viscous wake from 
the propeller blade. The passage of the wake over a point on the wing 
alters the laminar boundary layer according to the behavior shown in 
Figures 10-12. The increase in mean velocity shown in Figures 2-4 is 
the result of the change in the velocity profile. The length of the 
turbulence signal in Figures 2-4 is in part due to the change in the 
turbulence intensity profile. The available data show that near the 
surface, the turbulence will persist some time after the passage of the 
external turbulence. It is expected that the local pressure gradient 
will affect the rate of decay of the generated turbulence. This is 
presently being investigated. It is also important to note that with a 
definite turbulence profile within the boundary layer, a single point 
measurement by a hot-wire sensor can give misleading information. A 
thinner boundary layer would register a shorter turbulence time length 
than a thicker one because of the relative position of the sensor. With 
the present understanding, the model of Figure 5 has been updated, and 
the current model is shown in Figure 13- In this figure the relative 
thickness of the boundary layer and the persistence of the turbulence 
is emphasized. 



Figure 13. Current slipstream flow disturbance 
model, showing effect on laminar boundary layer. 


An analysis was performed to determine where these external 
turbulence boundary layers lie in relation to conventional laminar and 
turbulent flows. Shape factor correlations between H l2 and H 32 were 
calculated from the wind tunnel data. Data for each time step in the 
wake passage cycle were averaged over fifty cycles, smoothed, fit with 
a cubic spline and integrated for values of H 12 and H 32 . Figure 1 4 
shows the correlation across a wake passage cycle for an angle of 
attack of 0 degrees at chord locations of 15 and 45 percent, and for an 
angle of attack of 3 degrees at a chord location of 30 percent. Also 
included in the figure are the wake passage cycle time histories of the 
freestream mean velocity and turbulence intensity at the three chord 
positions. The curves plotted in the figure are the correlations 
utilized by Eppler [11] for laminar and turbulent flow as determined 
from similar solutions and empirical data. 



a) Time histories of external 
flow turbulence intensity. 


Figure 14. Variation of 
through wake passage eye 



b) Shape factor variation for 
15 percent chord. 0° angle of 
attack. 


boundary layer shape factors 


In Figure 14 the time step data points corresponding to conditions 
where the boundary layer is indicated to be laminar lie on the laminar 
shape factor curve. The effect of the more adverse pressure gradient 
at 3 degrees angle of attack is seen by noting that the respective data 
points are shifted to lower vales of H 32 . As the cycle is progressed, 
the velocity profile shifts to a highly stable form under the influence 
of the external turbulence, then reverts back to the conventional 
laminar range. In each case the shape factor correlation indicates 
that the boundary layer based on velocity profile behavior never 
attains the predicted turbulent relationship. In Figure 15, shape 
factors determined from the external turbulence flow boundary layer 
velocity profiles of Dyban et al . [9] and from relaminarization flow 
boundary layer velocity velocity profiles of reference [10] are plotted 
with the laminar and turbulent correlation curves. The external 






c) Shape factor variation for 
4 5 percent chord. 0° angle of 
attack. 


d) Shape factor variation for 
30 percent chord. +3° angle of 
attack. 


Figure 14. Concluded. 
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Figure 15. Boundary layer shape factor 
variation for external flow turbulence 
of Dyban et al. [9] and for 
relaminarizing flow [10]. 





turbulence shape parameter values follow that same path as the 
slipstream results. The relaminarizing flow shape parameter values 
initially move in the direction of a newer (younger) turbulent boundary 
layer, then loop back and proceed in the direction of the laminar 
curve. The relaminarizing boundary layer is initially turbulent. Under 
the action of a strongly favorable pressure gradient, a reversion to a 
laminar-like state takes place. The progress of the relaminarization in 
relation to the laminar and turbulent curves is noted in the figure. 
The turbulence intensity profiles of the relaminarizing flow from 
reference [10] are given in Figure 16. The profiles are similar to 
those of the external flow turbulence boundary layers. 
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Figure 16. Boundary layer turbulence intensity 
profiles for relaminarizing flow [10]. Increasing 
values of x denote downstream progress towards 
relaminarization. 


The results in Figures 1^ and 15 raise the question of a class of 
boundary layers which lie between the fully laminar and fully turbulent 
states. In the case of the external turbulence flows, the terms 
’'pseudo-laminar" and "pseudo-turbulent" have been used. In 
consideration of where they lie in terms of shape parameter values, the 
term "transitional" may be more appropriate. The implication of the 
data in the figures is that a "transitional" shape factor correlation 
curve may exist which connects laminar and turbulent flows. This 
concept will be investigated in the effort to develop a practical 
boundary layer prediction method for the slipstream case. 

SUMMARY 

The laminar boundary layer within a propeller slipstream is 
affected by the viscous wake from the propeller blade. The wake forms 



a helical sheet which is split by the wing and passes over the upper 
and lower surfaces. Across a propeller blade wake passage cycle, the 
boundary layer at a point on the airfoil surface goes through the 
distinct phases of turbulent, reverse-transitional and laminar behavior 
consistent with a cyclic variation in external flow turbulence. The 
turbulent phase is characteristic of boundary layer flow with external 
turbulence, and exhibits velocity profiles which lie in a transitional 
region between fully laminar and fully turbulent flow. The cyclic 
external turbulence may also influence the turbulent boundary layer in 
such a way as to cause periodic relaminarization as has been observed 
in flight and in the wind tunnel. 
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